INTRODUCTION General Concepts of the Gut Microbiome
The gut microbiome is an essential part of our body 9) It is involved in the regulation of various host metabolic pathways, leading to interactive host-microbiota metabolic signaling that connects the gut, muscle, and brain. 10) The host and its microbiota interact to produce gut microbiome-derived metabolites that contribute to the metabolic phenotype of the host. 10) The microbiome of the human gut includes at least 1,000 microbial species and approximately 10 14 micro-organisms. The human microbiome is presumed to encode approximately 4 × 10 6 genes, approximately 150 times that in the human genome. 11) Recent studies have defined a host as a super-organism in which eukaryotic and prokaryotic cells co-exist. The gut microbiome is formed on the basis of the interaction of environmental factors, including lifestyle, the presence of disease, etc. 12) The microbiome may be altered by external and internal stimuli such as stress, diet, and antibiotic use. 13) Although the general characteristics of the gut microbiome in healthy people are not yet completely defined, the gut microbiomes of people with disease (e.g., metabolic syndrome, physical frailty, cognitive dysfunction, etc.) show a gradual change toward an imbalanced composition compared to those in healthy people. These imbalanced microbiome characteristics may contribute to disease onset and may play a role in a vicious cycle. 14) The gut microbiome coexists with the host in a symbiotic relationship and contributes to immune regulation and homeostasis. 14) Therefore, unbalanced gut microbiomes as a result of aging need to be pre-vented through exercise training and dietary habits. We investigated whether exercise training can balance the gut microbiome and contribute to healthy aging in the older population, with a focus on the relationship between the gut and muscle and the brain.
Gut Microbiome and Exercise
Exercise can significantly alter the composition of the gut microbiome, although the mechanism by which this occurs remains unclear. Some studies have assessed the effects of exercise as a treatment on metabolic disorders in mice with diabetes. When db/db (type 2 diabetes [T2D]) and db/+ (control) mice were made to exercise at a low intensity, the proportion of Bifidobacterium spp. increased in the db/+ mice that exercised. 9) In another study, wildtype mice were subjected to voluntary wheel running for 12 weeks. After the exercise intervention, the Bacteroidetes:Firmicutes ratio increased, preventing diet-induced obesity. 15) In addition, 4-weekold C57BL/6J mice that were made to exercise on a treadmill had an increased relative abundance of Butyricimonas and Akkermansia. 16) The other effects of exercise on the gut microbiome composition of mice are summarized in Table 1 .
It is obvious that exercise is associated with alterations in the composition of the gut microbiome. However, human studies have not investigated whether the gut microbiome is regulated by exercise. Allen et al. 17) showed that exercise can induce compositional and functional alterations in the human gut microbiome. Specifically, exercise increased the fecal concentration of short-chain fatty acids (SCFAs) in lean participants. 17) Studies have also compared gut microbiomes between athletes and non-athletes. When compared with sedentary controls, Rugby Union players had increased levels of fecal metabolites such as SCFAs that are related to enhanced muscle turnover. 18) In addition, comparisons of the gut microbiomes of professional and amateur cyclists revealed a higher abundance of Methanobrevibacter smithii in professional cyclists. 19) Methanobrevibacter smithii upregulates genes associated with the production of methane by a metabolic pathway similar to that involved in the upregulation of energy and carbohydrate metabolism. 19) The other effects of exercise on the composition of the gut microbiome in humans are summarized in Table 2 . 
Gut Microbiome in Aging
Age-related changes in the composition and diversity of the gut microbiome aggravate the immune system to regulate inflammatory responses. Collapse of the immune system causes age-related diseases. 20) The gut microbiome is related to the immune system in that both vary in composition with age. 8) Although the gut microbiota of humans is determined to some extent at birth, the composition continually changes throughout life according to the external environment. 8, 13) This age-dependent gut microbiome is closely correlated with host inflammation and pathophysiology as the host ages. The gut physiology induced by this altered gut microbiome can cause host sensitivity to microbiota, leading to chronic and severe inflammatory responses. Furthermore, these inflammatory responses can result in diseases such as cachexia, frailty, cancer, fatty liver disease, metabolic syndrome, T2D, and neurodegenerative diseases. [20] [21] [22] The gut microbiomes of older people are entirely different from those of younger adults. 23) With increasing age, the diversity of the gut microbiome decreases, with reduced numbers of Bifidobacteria, Firmicutes, Faecalibacterium prausnitzii, Clostridium cluster XIV, and Blautia coccoides-Eubacterium rectal. 24) However, inter-individual variations among individuals of the same age also exist because of various environmental factors. 22) In particular, the abundance of certain key species in older adults decreases, whereas the abundance of subdominant species increases. Also, the Firmicutes:Bacteroidetes ratio decreases in older individuals. 25) In one study, the gut microbiomes of older individuals exhibited a predominance of Bacteroidetes compared to those of younger individuals. 26) Bacteroidetes comprising Bacteroides, Alistipes, and Parabacteroides genera were the dominant core microbiota among older people. 26) These results clearly show that the gut microbiome changes with age. Therefore, we investigated how alterations in the gut microbiome could affect organs including the skeletal muscle and brain.
Gut-Muscle Axis
Gut microbiome and physical frailty Physical frailty is common in the older population and is negatively correlated with health indicators. 27) Although the mechanism of physical frailty is not yet fully understood, the core components of physical frailty are strength, gait, body composition, and fatigue. Physical frailty, including weak muscle strength, slow gait speed, and poor balance, can lead to disability in performing activities of daily living. 27) Physical frailty is significantly associated with metabolic risk factors, independent of muscle loss. 28) Recent studies have clarified the relationship between physical frailty and the gut microbiome. Van Tongeren et al. 29) evaluated the relationship be-tween the gut microbiome diversity and frailty scores in the older population. Their results showed that the proportion of Lactobacilli, Bacteroides/Prevotella, and Faecalibacterium prausnitzii was significantly decreased, whereas the proportion of Enterobacteriaceae was significantly increased in older individuals with high frailty scores. 29) Claesson et al. 6) also observed an association between the gut microbiome diversity and the Functional Independence Measure, the Barthel index (daily routine activity scale), and nutrition. Their results demonstrated a correlation between decreased gut microbiome diversity and increased frailty with high levels of inflammatory markers. 6) Studies have shown that the gut microbiome is related to senescence. 20, 21, 30) One study suggested that healthy gut microbiome characteristics, such as a high biodiversity, a high representation of SCFA producers, a representation of bacteria with beneficial metabolic activity, and a low representation of pathogens, are strongly correlated with a prolonged lifespan. 31) Healthy centenarians show remarkable gut microbiome characteristics compared with healthy older individuals. The gut microbiome of older adults who stay healthy is similar to that of young people aged 30-50 years. 32) These studies are important because they indicate that positive changes in the gut microbiome through lifestyle habits may lead to improved healthy aging. In one study, individuals in a village with a high percentage of longevity were recruited to participate in gut microbiome research. The author studied eight centenarians (100-108 years of age), eight individuals aged 85-99 years residing in the same village, and eight older residents aged 80-92 years from other urbanized villages. Their results showed decreased ratios of Faecalibacterium and Akkermansia, increased ratios of Escherichia group and Methanobrevibacter, and altered ratios of Bacteroidetes in the gut microbiome of centenarians. 33) Another cohort study of individuals ranging from young children to semi-supercentenarians (105-109 years of age) investigated the overall changes in the gut microbiome profile with age. 23) The results indicated that the characteristics of the gut microbiome tended to significantly change with age. Notably, in adults over 95 years of age, the ratios of Faecalibacterium, Roseburia, Coprococcus, and Blautia were decreased, whereas those of Enterobacteriaceae were increased. 34) To determine the changes in the gut microbiomes of semi-supercentenarians, Biagi et al. 8) conducted a study including young adults (30 years old), older adults (65-75 years), centenarians (99-104 years), and semi-supercentenarians (105-109 years old). Their results demonstrated that the composition of the gut microbiome had a positive effect on the host's immune system; in that study, the proportions of Christensenellaceae, Akkermansia, and Bifidobacterium were significantly increased, although the gut microbiomes of centenarians and semi-supercentenarians had characteristics common to those of older populations. 8) More specifically, Akkermansia and Bifidobacterium are well-known health-related genera that can promote immune regulation, prevent inflammation, and maintain healthy metabolic homeostasis. 8, 35) Future studies are needed to provide clear evidence that specific bacterial taxa can prolong life by maintaining metabolic homeostasis in older individuals.
Although age-related alterations in the gut microbiome have been studied extensively, the functional ability of the gut microbiome is not yet fully understood. One pilot study reported that the gut microbiome of centenarians showed increased proteolytic ability. 7) Although the abundance of genes related to carbohydrate metabolism markedly decreased, the abundance of genes associated with the metabolism of aromatic amino acids (e.g., tryptophan and phenylalanine) and other amino acids (lysine, valine) that are closely related to aging increased. 7) That pilot study demonstrated the need for more studies to confirm the potential functional capabilities of the gut microbiome. 7) Gut microbiome and sarcopenia Frailty and sarcopenia are overlapping concepts that are common in older adults. 36) In particular, sarcopenia is a syndrome characterized by a lower muscle mass, quality, and strength. 36) Although there are numerous causes of sarcopenia, gut microbiota can affect skeletal muscle homeostasis through microbiota-induced metabolites, suggesting a possible biological basis toward the onset of sarcopenia. 37) Adequate control of the gut microbiome is required to prevent sarcopenia because the gut microbiome may be involved in the physiopathological mechanism of sarcopenia. The gut microbiome plays a crucial role in determining skeletal muscle mass, muscle structure, and muscle function. 20, 38) Mice with sarcopenia have gut microbiome characteristics distinct from those of normal mice. 20, 39) SCFA producers, such as Faecalibacterium, Clostridium XIVa, and Butyricicoccus, are positively correlated with skeletal muscle mass. The microbiome can also contribute to muscle anabolism. 39) The circulation of SCFA byproducts of the gut microbiome, especially butyrate, in the body can positively influence skeletal muscle mass and function by regulating insulin sensitivity and inflammatory signals. 40) Furthermore, imbalances in the gut microbiome arise with age, which can cause a syndrome called 'leaky gut' , in which gut microbiota can pass into the blood and promote inflammation. The activation of inflammation can inhibit the synthesis of skeletal muscle. 40) A previous study analyzing the serum microbiomes of younger (20-35 years) and older (60-75 years) participants revealed a higher abundance of Bacteroidetes phylum than that in older participants. The increase in Bacteroidetes was positively related to the levels of insulin-like growth factor 1 (IGF-1), which can act as an anabolic agent. 41) In contrast, inflammatory biomarkers such as interleukin 6 (IL-6) and tumor necrosis factor (TNF)-alpha are negatively correlated with the abundance of Bacteroidetes. 41) Effect of exercise on the gut-muscle axis As mentioned earlier, the proportions of bacteria that produce SC-FAs are high in the gut microbiomes of centenarians. Older individuals with frailty show reduced representation of SCFA producers (e.g., Faecalibacterium prausnitzii). 42) As exercise training can increase the representation of SCFA producers, 15) alteration of gut microbiomes, especially SCFA producers, by exercise may improve physical frailty. Previous studies have shown that moderate-intensity exercise can lead to significant changes in the gut microbiome. For example, the representation of the Butyricimonas, Prevotella, and Akkermansia taxa increase. This can increase biodiversity and promote metabolic activity. 16, 43) In addition, adult women with active lifestyles have higher rates of several health-promoting bacteria (Akkermansia, Faecalibacterium, and Roseburia) than do age-matched women. 44) A recent study reported that athletes are more likely to express bacterial genes associated with SCFA-producing bacteria and carbohydrate amino acid metabolism compared with the general population. 34) This may contribute to higher concentrations of acetate, butyrate, and propionate in athletes. 18) These preliminary studies suggest that exercise training may prevent physical frailty by increasing SCFA producers in the gut microbiome.
Among the byproducts of the gut microbiome, SCFAs have been the most studied. They mainly act on skeletal muscle and mitochondria by promoting insulin sensitivity, inflammation regulation, and anabolism. 45, 46) SCFAs produced by the gut microbiome (e.g., Faecalibacterium, Butyricimonas, etc.) can enter systemic circulation and be absorbed into skeletal muscle. Free fatty acid receptors 2 and 3 (FFAR-2 and FFAR-3) can promote insulin sensitivity and regulate glucose uptake. 47) SCFAs can also activate mitochondrial biosynthesis regulator NAD-dependent deacetylase sirtuin-1 (SIRT1) receptors. 48) The most intriguing mediator among SCFA is butyrate, which affects the activity of several regulatory pathways (e.g., UCP2-AMPK-ACC and PGC1-alpha) and improves ATP production and myofiber metabolism efficiency. 49) Treatment with probiotics, including the major SCFA producer Faecalibacterium prausnitzii, was also effective in reducing systemic inflammation in mice and promoting assimilation to produce healthy muscles. 50)
Gut-Brain Axis Gut microbiome and cognitive dysfunction
Recently, the concept of frailty has been focused mainly on physical frailty. 51) However, studies on cognitive frailty have also begun to attract attention. 52) Cognitive frailty is defined as a syndrome in older individuals with physical frailty and cognitive dysfunction. 53) Cognitive dysfunction can cause neurodegenerative disorders such as Alzheimer disease (AD) and Parkinson disease. 27, 54) Recent studies have reported a strong association between imbalance in the gut microbiome and cognitive dysfunction (e.g., dementia). 11, 55, 56) In particular, gut microbiomes known to be harmful to the host can accelerate the onset of dementia. 57) Studies have focused on microbial byproducts in blood or brain tissue to investigate the potential role of the gut microbiome in the development of dementia. 56) The percentages of mannitol, succinic acid, and 3,4-dihyroxy benzeneacetic acid, which are byproducts of microorganisms, are higher in patients with AD, who have different gut micro-organisms compared to those in normal controls. 58) In addition, lipopolysaccharide (LPS) derived from Gram-negative bacteria has been recently reported in the hippocampal and neocortex tissues of patients with AD. 59) An imbalance of the gut microbiome in these patients can cause the accumulation of by-products in brain tissue. 56) The amount of Clostridium difficile in patients with dementia was significantly higher than that in patients without dementia. 60) According to the 16S rRNA microbial profile, the gut microbiome diversity is significantly lower in people with Clostridium clustering. 60, 61) Cyanobacteria within the gut microbiota can synthesize neurotoxins such as saxitoxin and alpha-anatoxin. 62) Moreover, Citrobacter, Escherichia coli, Klebsiella, Mycobacteria, Pseudomonas, Streptococcus, Streptomyces, Staphylococcus, Salmonella, and Bacillus spp. in the gut microbiota can synthesize amyloid peptides. 62, 63) These peptides can be transmitted and accumulate in the brain, resulting in cognitive dysfunction or dementia. 64) Also, reduction of Bifidobacteria and Eubacterium rectale is associated with biomarkers of AD. 55) These results suggest that the gut microbiome may be an essential factor in the pathogenesis of dementia, although the apparent causal relationship between the gut microbiome and neurodegeneration has not yet been elucidated. 65) In one study, comparison of the gut microbiomes of amyloid-positive patients, amyloid-negative patients, and control individuals revealed a low ratio of Eubacterium rectale and a high proportion of Escherichia/Shigella in amyloid-positive patients. 52) Differences in gut microbiomes play a role in controlling amyloid accumulation in the brain through immune regulation. 66) Although the gut microbiome and dementia are highly related, there is limited research on the association of mild cognitive impairment (MCI) with the gut microbiome. Additionally, the relative proportions of microorganisms of the gut microbiota, such as Bifidobacterium, Butyricicoccus, and Clostridium XIVb, were negatively correlated with the presence of cognitive dysfunction in patients with Parkinson disease. 67) Effect of exercise on gut-brain axis Although studies have elucidated a relationship between gut health and the brain, 11, 56) the mechanisms by which the exercise-induced gut environment can influence cognitive function remain unknown. Exercise may have a significant effect on cognitive function by altering the gut microbiome because of its strong relationship with cognitive function; thus, exercise may result in positive changes in the gut environment.
The gut-brain axis is a bidirectional communication channel that is regulated by hormones, immunity, and nerve signals. A wellknown characteristic of SCFAs is the prevention of obesity by increasing the expressions of glucagon-like peptide 1 and peptide YY, which can induce satiety. 68, 69) In addition, sodium butyrate treatment is effective in increasing the expression of brain-derived neurotrophic factor (BDNF), which acts as an antidepressant. 70) Taken together, an increase in the number of SCFA-producing bacteria resulting from exercise seems to have a potentially significant and beneficial effect on the gut-brain axis.
Exercise affects the gut-brain axis by controlling vagus nerve tension. 71) The vagus nerve affects anti-inflammatory immune regulation and the imbalance of modified vagal activity. The hypothalamic-pituitary-adrenal (HPA) axis is typically affected in patients with depression and inflammatory bowel disease (IBD). 72, 73) Although the potential effects of extrinsic vagal nerve stimulation (VNS) on neuroimmunomodulation are poorly studied, VNS may be effective in controlling conditions such as depression, IBD, etc. that are difficult to treat. 73) The effect of the vagus nerve on the gut microbiome during exercise requires study. 73) However, steady aerobic exercise can lead to a decrease in the resting heart rate and an increase in the input of the vagus nerve to the sinus node. Increased parasympathetic nerve stimulation can last for a long time. Regular aerobic exercise can have the same effect as VNS to induce a potential rise in the cholinergic anti-inflammatory pathway. 74, 75) Although research is lacking, exercise-induced activation of the vagus nerve in the gut microbiome may prevent brain disease.
DISCUSSION
With the gradual development of social and economic environments, sedentary lifestyles are associated with metabolic syndromes, such as obesity, diabetes, etc., that can promote aging. 76) These imbalances can be improved through exercise training to maintain homeostasis. Many mechanisms are involved in the beneficial effects of exercise training on health. Exercise training can activate anti-inflammatory responses, promote the HPA axis, and enforce neuromuscular function. 77, 78) Recently, physical activity has been proposed to alter gut micro-organisms. In addition, exer-cise can promote a healthy state by improving the gut microbiome. However, little is known about the effect of increased physical activity through exercise training on the gut microbiome. Exercise training may lead to positive changes in the gut microbiome. However, the direct or indirect mechanisms by which exercise training does so remain uncertain. It is difficult to elucidate the long-term effects of exercise because the gut microbiota is influenced by several genetic and environmental factors. 79) For this reason, previous studies have primarily sought to demonstrate the correlation between the gut microbiome and physical function. These studies have shown that the gut microbiome has distinct characteristics. 9, 16, 80) This led to the hypothesis that improvements in physical function through exercise training could also be associated with the gut microbiome. On the basis of the effects of exercise that addressed in this review paper, exercise may be a feasible method for preventing or delaying aging.
With age, the gut microbiome becomes imbalanced, which can lead to age-related diseases such as physical frailty and cognitive dysfunction. These geriatric diseases can be effectively controlled by exercise. We examined whether the changes to the gut microbiome resulting from exercise training could have a positive effect on these diseases. Previous studies have reported changes in the diversity of the gut microbiome and specific bacterial groups with exercise training. 9, 16, 80, 81) Therefore, it is important to study alterations in the gut microbiome according to the type and intensity of exercise. However, to our knowledge, no studies have determined which exercise types (e.g., resistance or aerobic exercise) are more effective in influencing the gut microbiome. In previous animal studies, alterations in the gut microbiome through exercise training have been studied mainly in aerobic exercise such as a voluntary running wheel, treadmill, etc. because of the limitations of resistance training. 80, 82) Previous studies categorized aerobic exercise as low-, medium-, and high-intensity to investigate changes in the gut microbiome. 9, 16, 83) However, direct comparison of exercise intensity to determine the most appropriate intensity has not yet been reported. Thus, studies are required to determine the most appropriate exercise intensity to prevent age-related brain and metabolic diseases through the gut microbiome.
CONCLUSION
By interacting with the host, the gut microbiome has an enormous impact on the entire body. Recent studies have consistently reported that the gut microbiome is related to geriatric diseases. As the gut microbiome is changed in the older individuals with altered physiology, it is necessary to determine whether the gut microbiome is involved in the improvement of physical function by exer-cise and whether exercise training can prevent geriatric diseases in future studies.
